Abstract: Emission of pollutants from shipping contributes to ambient air pollution. Our aim was to estimate exposure to particulate air pollution (PM 2.5 ) and health effects from shipping in countries around the Baltic Sea, as well as effects of the sulfur regulations for fuels enforced in 2015 by the Baltic Sulfur Emission Control Area (SECA). Yearly PM 2.5 emissions, from ship activity data and emission inventories in 2014 and 2016, were estimated. Concentrations and population exposure (0.1 • × 0.1 • ) of PM 2.5 were estimated from a chemical transport mode, meteorology, and population density. Excess mortality and morbidity were estimated using established exposure-response (ER) functions. Estimated mean PM 2.5 per inhabitant from Baltic shipping was 0.22 µg/m 3 in 2014 in ten countries, highest in Denmark (0.57 µg/m 3 ). For the ER function with the steepest slope, the number of estimated extra premature deaths was 3413 in total, highest in Germany and lowest in Norway. It decreased by about 35% in 2016 (after SECA), a reduction of >1000 cases. In addition, 1500 non-fatal cases of ischemic heart disease and 1500 non-fatal cases of stroke in 2014 caused by Baltic shipping emissions were reduced by the same extent in 2016. In conclusion, PM 2.5 emissions from Baltic shipping, and resulting health impacts decreased substantially after the SECA regulations in 2015.
Introduction
International shipping is one of the sources of air pollution. Sulfur oxides, nitrogen oxides, and particulate matter (PM) are emitted from ship smokestacks, and these emissions have global effects on health and the environment. The International Maritime Organization (IMO) has proposed a new global standard to limit sulfur (S) in fuel oil from 2020 from the current limit of 3.5% to 0.5% sulfur. Both the North Sea and the Baltic Sea are defined by IMO (International Maritime Organization) as SECAs (Sulfur Emission Control Areas). SECAs are sea areas in which stricter controls were established to minimize airborne emissions from ships as defined by Annex VI of the 1997 MARPOL Protocol [1] . A more detailed description of SECA can be found in a paper by Cullinane and Bergqvist [2] .
The EU sulfur directive requires ships to use fuel with 0.1% sulfur in harbor areas from January 2010. Further reductions to 0.1% are mandatory in SECAs from January 2015. Prior to July 2010, the maximum allowed sulfur content in SECAs was 1.5%. Further global reductions of fuel sulfur are also planned [3] . Fuel sulfur reduction will have a significant impact on emitted SO 2 , as well as PM, since SO 2 is a precursor for PM [4] .
Population-weighted exposure to air pollution from shipping has been estimated globally based on emission inventories and global scale atmospheric models [5] [6] [7] . Exposure data were combined with regional mortality rates and exposure-response functions for mortality. The estimated number of annual premature deaths in the latest estimate was about 350,000 [7] . A scenario using a reduction of fuel sulfur to 0.5% globally was estimated to decrease premature mortality, due to shipping emissions by 34% [7] .
Estimates for Europe were also performed by Andersson et al. [8] and Brandt et al. [9] . In both studies, international shipping was estimated to cause about 50,000 annual premature deaths in Europe. Shipping in the Baltic Sea and the North Sea was estimated to cause about 14,000 annual premature deaths in Europe in 2011, with about 6% decrease in 2020 after reductions of fuel sulfur.
These global and European estimates were performed with a relatively low resolution (0.1 -1 • × 0.1-1 • grids) and mortality rates were estimated on a regional level. In addition, some country-specific estimates have been performed. For Denmark, Brandt et al. estimated that international shipping caused about 500 premature deaths in 2011, 400 of which were due to shipping in the Baltic Sea and the North Sea, with a decrease of 13% in 2020 [10] .
There is lack of detailed and updated regional data in areas affected by the SECA regulations, such as the Baltic Sea, and no estimates of effects on mortality of "real life" changes of emissions after the application of the SECA regulations.
The aim of the present study was to perform detailed estimates of exposure to particulate air pollution from shipping in the Baltic Sea in countries bordering the Baltic Sea, and assess the long-term effects on mortality and morbidity from such exposure. Moreover, the possible health effects of the sulfur regulations for marine fuels enforced in January 2015 in the Baltic SECA area were estimated.
Materials and Methods
The calculations of the air pollutants, including PM 2.5 , focusing on the Baltic Sea region are described by Jonson et al. [11] , and only a short summary is given here. Ship emissions have been calculated with the STEAM model and are based on the actual ship movements from AIS (Automatic Identification System) calculated by the STEAM model [12, 13] . These data consist of hundreds of millions of automatic position reports sent by ships with an automatic transponder system. Combined with the characteristics of each ship and engine type, the emissions from each individual ship were calculated. In the Baltic Sea ship emissions from 2016 and 2014 (before and after the implementation of stricter SECA regulations in 2015) are used. For all other sea areas, 2015 emissions are used. As the emissions are used for multiple years the ship emissions of NOx, SOx, CO, and PM are aggregated to monthly values. The 2016 land-based emissions are from IIASA-Eclipse [14] .
The concentrations of air pollutants have been calculated with the EMEP model [15, 16] with later model updates described in Simpson et al. [17] and references therein with a 0.1 x 0.1 degrees model resolution. Through regular model validation with measurements and model inter-comparisons the performance of the EMEP model is well documented, see references in Jonson et al. [11] , which also describes an additional model validation, including measurements close to the Baltic Sea.
In addition to a base run, including all emissions, two model sensitivity runs are made. In the first model sensitivity run, all Baltic Sea emissions are excluded. The difference between the base run and the first sensitivity run represent the contribution from Baltic shipping to ambient air pollution. In the second sensitivity run, the 2016 Baltic Sea emissions are replaced by 2014 (high sulfur) emissions representing the decrease in air pollutant concentrations following the implementation of a stricter SECA in 2015. All model scenarios have been made for the three meteorological years 2014, 2015 and 2016 in order to cancel out meteorological variability.
Gridded population (1 ×1 km) density by country was obtained from Eurostat for 2011 [18] and used to calculate population-weighted exposure to PM 2.5 (in µg/m 3 × number of persons) from Baltic shipping based on output from the EMEP modelling. The data were extrapolated to 2015 with population sizes for that year. Gridded population data with a similar resolution was not available for Russia. Instead, for 72 million people, residing in relevant parts of European Russia, population-weighted exposure was estimated from Administrative Unit Center Points from NASA SEDAC (Socioeconomic Data and Applications Center) in 2010 [19] . Population-weighted exposure from Baltic shipping was also averaged by country.
Age-specific mortality rates for 2015 were obtained from Eurostat [20] . For the present study, we used listed total mortality from ≥25 years of age, which represents 98-99% of total mortality. Natural mortality was approximated as 95% of total mortality, which is the typical fraction for Northern Europe.
We used two alternative exposure-response (ER) functions for natural mortality based on long-term effects of particulate air pollution. The first one was the WHO HRAPIE recommendation regarding concentration-response functions related to air pollutants for the metrics ("Group A") for which enough data were considered available to enable quantification of effects [21] . For annual mean PM 2.5 , a relative risk of 1.0062 (95% CI 1.004-1.008) per µg/m 3 is recommended for natural mortality. Recommendations are given also for some specific causes of death (e.g., lung cancer), and for mortality related to daily mean PM 2.5 , but these outcomes are included in the relative risk for natural mortality. WHO HRAPIE also suggests some concentrations-response functions for hospital admissions related to daily mean PM 2.5 . The disease burden is, however, dominated by natural mortality as a long-term effect.
The second ER function was based on the large European multi-center ESCAPE project [22] . The confounder-adjusted relative risk (hazard ratio) was 1.014 per µg/m 3 (95% CI 1.004-1.026). This was based on a meta-analysis of 19 cohorts from 13 countries, among them Sweden, Finland, Denmark, and Germany.
The population attributable fraction of disease (PAF; in this case natural mortality) was calculated from the relative risk (RR) at the specific exposure level as (RR−1)/((RR-1) + 1). The PAF was then applied to the background of natural mortality per country to calculate the extra mortality attributed to air pollution from shipping.
The years of life lost (YLL) were estimated from life tables obtained from the national statistics units and Eurostat assuming increased mortality from Baltic shipping as indicated above.
For estimates of morbidity, we used data on baseline incidence of ischemic heart disease (IHD) and stroke from the Global Burden of Disease (GBD) database [23] , and exposure response-functions from the ESCAPE-study for acute coronary events [24] and stroke [25] . The relative risks were 1.026 (95% CI 1.00-1.06) per µg/m 3 of annual mean PM 2.5 for IHD and 1.038 (95% CI 0.98-1.12) per µg/m 3 for stroke. To avoid double counting with mortality estimates we subtracted the numbers of deaths, due to ischemic heart disease and stroke from the incidence, again using the GBD database and assuming that half the deaths were from new (incident) cases of IHD/stroke.
Results
The EMEP model results used in this study are documented in Jonson et al. [11] for relevant pollutants. Only the results for PM 2.5 are included here. The estimated emissions of from Baltic shipping in 2014 contributed up to 20% of total PM 2.5 levels in some coastal areas in Denmark, Sweden, and Finland, while for most parts of Northern Europe the contribution was <1% [11] . After the implementation of the SECA regulations emissions and air pollution from shipping decreased substantially (Figure 1) .
The contribution of Baltic shipping to population exposure depends on the relationship between population density and air pollution levels. Population exposures for PM 2.5 in ten European countries in 2014 and 2016, using meteorology for 2014-2016 are shown in Table 1 and vary considerably between meteorological years. The mean exposure was highest in Denmark (about 0.5 µg/m 3 PM 2.5 ), followed by Sweden, Estonia, Finland, Latvia, and Lithuania, while the highest total population exposure (in µg/m 3 × persons) was highest in Germany and Poland, due to their large populations (Table 1, Figure 2 ). There was a clear reduction in population exposure, due to decreasing emissions from 2014 to 2016. Using the mean meteorology of 2014-2016, the reduction was 34%. The contribution of Baltic shipping to population exposure was about 10% of total levels of PM 2.5 in coastal areas of the Baltic SECA area, but <1% in remote areas (Figure 2 ). The contribution of Baltic shipping to population exposure depends on the relationship between population density and air pollution levels. Population exposures for PM2.5 in ten European countries in 2014 and 2016, using meteorology for 2014-2016 are shown in Table 1 and vary considerably between meteorological years. The mean exposure was highest in Denmark (about 0.5 µ g/m 3 PM2.5), followed by Sweden, Estonia, Finland, Latvia, and Lithuania, while the highest total population exposure (in µ g/m 3 × persons) was highest in Germany and Poland, due to their large populations (Table 1, Figure 2 ). There was a clear reduction in population exposure, due to decreasing emissions from 2014 to 2016. Using the mean meteorology of 2014-2016, the reduction was 34%. The contribution of Baltic shipping to population exposure was about 10% of total levels of PM2.5 in coastal areas of the Baltic SECA area, but <1% in remote areas (Figure 2) .
Total natural mortality and estimated number of premature deaths, due to PM2.5 emissions from Baltic shipping in 2014 and 2016, are shown in Table 2 using the two alternative ER functions mentioned above. The numbers were largest in Germany and Poland in line with their large populations. The number of estimated premature deaths, due to Baltic shipping, decreased from about 1500 in 2014 to about 1000 in 2016. The reduction was on average 37% and was highest in the countries neighboring the Gulf of Finland.
The number of years of life lost decreased from about 17,000-38,000 with 2014 emissions to about 11,000-T25,000 with 2016 emissions. The number of YLL per premature death varied slightly between countries, due to differences in age-specific death rates.
Estimated morbidity from non-fatal IHD and stroke, due to PM2.5 emissions, from Baltic shipping in 2014 and 2016 is shown in Table 3 . The numbers of extra cases were highest in Germany and Poland, mainly due to large exposed populations. They were also relatively high in Denmark and Sweden, due to higher exposures to PM2.5 from shipping, and in Russia, due to a large population. The number of incident cases of IHD and stroke, due to PM from Baltic shipping, decreased by around 500 each after 2015, roughly a decrease by one third.
The estimated numbers for premature deaths, YLL, IHD, and stroke presented for 2014 and 2016 in Tables 2 and 3 Total natural mortality and estimated number of premature deaths, due to PM 2.5 emissions from Baltic shipping in 2014 and 2016, are shown in Table 2 using the two alternative ER functions mentioned above. The numbers were largest in Germany and Poland in line with their large populations. The number of estimated premature deaths, due to Baltic shipping, decreased from about 1500 in 2014 to about 1000 in 2016. The reduction was on average 37% and was highest in the countries neighboring the Gulf of Finland. Table 2 . Estimated number of premature deaths (natural mortality), due to PM 2.5 emissions from Baltic shipping in 2014 and 2016 according to two alternative exposure response functions. The left one of the two numbers given refers to the ER function suggested in the HRAPIE report [21] and the right one the ER function found in the ESCAPE study [22] . The number of years of life lost decreased from about 17,000-38,000 with 2014 emissions to about 11,000-T25,000 with 2016 emissions. The number of YLL per premature death varied slightly between countries, due to differences in age-specific death rates.
Estimated morbidity from non-fatal IHD and stroke, due to PM 2.5 emissions, from Baltic shipping in 2014 and 2016 is shown in Table 3 . The numbers of extra cases were highest in Germany and Poland, mainly due to large exposed populations. They were also relatively high in Denmark and Sweden, due to higher exposures to PM 2.5 from shipping, and in Russia, due to a large population. The number of incident cases of IHD and stroke, due to PM from Baltic shipping, decreased by around 500 each after 2015, roughly a decrease by one third.
The estimated numbers for premature deaths, YLL, IHD, and stroke presented for 2014 and 2016 in Tables 2 and 3 are annual numbers, so these numbers are (approximately) valid also for the years before 2014, and after 2016, respectively. 
Discussion
The present study suggests that the stricter SECA regulations on fuel sulfur for the Baltic have indeed been successful in reducing adverse health effects, due to air pollution from shipping, reducing its impact on mortality, YLL, and morbidity by at least one third. A positive impact of SECA on health was predicted in some previous forecasts [6, 9] , but this is the first study using actual empirical data on emissions before (2014) and after (2016) implementation of the SECA regulations. The calculated decrease in emissions was based on the STEAM model [12, 13] . Many studies have demonstrated large reductions of shipping emissions after fuel sulfur reductions. On example is a study following a ship that switched from high-sulfur fuel to low-sulfur fuel when entering regulated waters of California [26] .
Our results showed a larger impact on mortality after the decrease in fuel sulfur than predicted by Winebrake et al. [6] and Brandt et al. [10] . However, the number of YLL in Denmark, due to Baltic shipping, in the present study when the HRAPIE ER function was used (1900 in 2014 and 1400 in 2016) are consistent with the estimates by Brandt et al. [10] , who used the same ER function and estimated about 4100 YLL pre-SECA (in 2011) and 3600 post-SECA (in 2020). Brandt et al. considered not only the Baltic Sea, but also shipping emissions in the North Sea. The study by Winebrake et al. [6] used a much lower resolution (1 × 1 degree) for air pollution modelling, while the grid size used by Brandt et al. [10] for air pollution and population density was consistent with the present study.
Emissions were calculated assuming 100% compliance with the SECA regulations after 1 January 2015. Separate studies have indicated that compliance is indeed high, varying from 89 to 99% in fairways examined [27] .
Stricter regulations on marine fuel sulfur could possibly cause a model shift towards land-based transports [28] . In the case of the Baltic Sea, this seems, however, not to have been the case [29] .
Even though the present study had a grid size of 0.1 × 0.1 degrees for air pollution modelling, this resolution will probably underestimate population exposure to shipping pollution and thereby adverse health effects. The reason for this is that population density usually is higher very close to the coastline where the contribution of air pollution from shipping is highest. The extent of such underestimation of exposure can be evaluated using high resolution air pollution modelling.
The exposure-response functions for PM 2.5 versus mortality used in the present study were based on two recent sources. The HRAPIE review was based on a meta-analysis of 11 epidemiological studies by Hoek et al. [30] and has been widely used in health impact assessments [21] . On the other hand, the ESCAPE study included European countries, several of them (Sweden, Finland, Denmark, and Germany) bordering the Baltic Sea [22] . The ER function from the ESCAPE study is about twice as steep as the one reported in the HRAPIE review. This may be due to the fact that the ESCAPE studies were based on within-city estimates, while the studies used in the HRAPIE review also included between-city estimates. A recent meta-regression using estimates from 53 different studies found a relative risk of 1.013 per µg/m 3 of PM 2.5 when air concentrations were around 10 µg/m 3 of PM 2.5 [31] . Therefore, we consider our results based on the ER function from the ESCAPE study (Table 2 ) somewhat more likely than the estimate based on the HRAPIE review.
The estimates for both mortality and morbidity were based on studies of long-term exposure mainly using annual exposures to PM. Long-term studies of PM air pollution generally find higher risk estimates than short-term studies, but using ten years of exposure rather than one only increases the risk marginally more. This indicates that the majority of the cardiovascular health effects are due to relatively rapid biological responses, such as increased thrombotic potential, endothelial dysfunction or plaque instability-and that these effects are potentially reversible within one or a few years after an intervention that reduces PM exposure [32] .
Population exposure to total PM 2.5 from shipping is a mixture of primary PM compounds emitted (elemental carbon, organic and inorganic PM) and secondary inorganic particles (SIA; sulfates, nitrates, and ammonium) produced by chemical reactions over hours and days. It has been estimated that in the long range transported PM reaching populated areas, SIA accounts for about 80% of total PM exposure [8] . There are some indications that primary combustion PM has stronger effects on mortality than SIA and some researchers, therefore, applied different ER functions to assumed fractions of total PM [8] . However, in the large U.S. studies, SIA constituted a major fraction of total PM, and showed the same ER function as the one used in the HRAPIE review [33] . In that study, associations between mortality and sulfate particles were consistent with associations between mortality and total PM. We chose to apply a single ER function to the total PM 2.5 contribution from shipping in line with the health impact assessment by Brandt et al. [9] and Sofiev et al. [7] . The exposure-responses for PM 2.5 and IHD and stroke were selected from the ESCAPE study, since it includes multiple cohorts from the relevant countries.
Obviously, the contributions from Baltic shipping to total PM exposure are highest in coastal areas (Figure 2 ). In these areas, Baltic shipping contributes about 10% of the total adverse health effects from particulate air pollution, which is not negligible. Nevertheless, also minor contributions to PM levels contribute to the health impact if populations are large (Table 2 ). In the 2000, global shipping was estimated to contribute 7.4% of total PM 2.5 exposure in Europe with the highest contributions in the Mediterranean [34] . A reduction of PM exposure by limiting fuel sulfur would, therefore, save many European lives and avoid many cases of heart disease and stroke, as well as other diseases that are not included in this assessment. This is the first study using empirical data on emissions and meteorology to model the effects on air pollution of the SECA regulations and estimate the beneficial health effects of lowering fuel sulfur. Another strength is the use of relatively detailed modeling of air pollution and estimates of populations. As mentioned above, a limitation of the study is the fact that high resolution (less than 1 × 1 km) data on air pollution and populations were not available. Moreover, the three years modelled (2014-2016) may not have captured all variability in meteorology. There is also some uncertainty regarding the exposure-response functions used, since they are based on air pollution contrasts, due to mixtures of emissions, often dominated by road traffic.
Conclusions
The present study of health impacts from shipping in the Baltic Sea indicates that the SECA regulations on lower fuel sulfur have had substantial effects on population exposure to PM 2.5 in coastal areas, thereby reducing premature deaths, ischemic hearts disease, stroke and years of life lost from shipping emissions. For example, the number of estimated extra premature deaths decreased by about one third in 2016 (after SECA), a reduction of >1000 cases. This is an example of how environmental policy development on air pollution can directly improve the health of the population. 
